A structural inter-temporal model of agricultural asset arbitrage equilibrium is developed and applied to agriculture in the North-Central region of the U.S. The data is consistent with unifying level of risk aversion. The levels of risk aversion are more plausible than previous estimates for agriculture. However, the standard arbitrage equilibrium is rejected; perhaps this is due to the period and the shortness of the period studied.
I. Introduction
Many studies have applied portfolio theory (Sharpe 1970) to explain acreage allocation in production agriculture (e.g., Behrman 1968 , Estes, Blakeslee, and Mittelhammer 1981 , Just 1974 , Lin, Dean, and Moore, 1974 , Lin 1977 . These applications and many since have been primarily applied to crop acreage decisions assuming linear technology and most are in a static setting. This literature, which grew out of Nerlovian models of supply response (Nerlove 1956) , is generally based upon adaptive interpretations of risk, and has evolved into a more rational risk approach (Holt and Aradhyula 1998 , Saha, Shumway and Talpaz 1994 , Holt and Moschini 1992 . The general finding of this, by now, large literature is that the allocation of total acreage to specific production activities is significantly influenced by risk as generally modeled with variances and covariances. The most common finding is that an increase in the own variance of price or revenue reduces the acreage allocated to that activity. This is generally interpreted as the impact of risk aversion.
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From the perspective of more recent developments in portfolio theory, two general findings beg application in this empirical agricultural risk literature. First, explicit attempts to measure risk aversion structurally such as those in the equity premium puzzle are preferred (Mehra and Prescott 1985) . Only this way will researchers be able to distinguish risk aversion from other behaviors. Second, the structural approach provides a way to determine whether estimated risk aversion is credible (Siegel and Thaler 1997) . Thus, we argue 1 Some authors have modeled production with explicit substitution among inputs along with risk aversion over profit or initial wealth (e.g., Saha, Shumway, and Talpaz 1994, Love and Buccola 1991; Antle 1987). by accumulation of net worth (wealth).
2 For agricultural households, these are both notoriously difficult to measure.
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After developing the arbitrage conditions, empirical estimates are obtained by generalized method of moments (GMM) for eight states in the North Central region of the U.S.
using stock market returns, bonds, and agricultural land allocations. 4 For these eight states in the period 1991-2000, reasonably good measurements of wealth are available which are essential for our approach. 5 While this is a relatively short and somewhat anomalous time period compared to typical studies in finance, we suggest this comprehensive approach to arbitrage structure can be beneficial compared to typical incomplete approaches to estimation of risk behavior in agriculture. Using contemporaneous arbitrage equations implied by
Euler conditions, an econometric model is specified over future wealth and excess returns conditional on a current information set. In spite of limited data, we find evidence of aggregate risk aversion that is rationalized by a single set of representative consumer preferences using an unconventional but reasonable specification.
II. Variable Definitions and Timing for a Micro-Model of Farm Behavior
Although the organizational form of farms varies, a recent report by Hoppe and Banker (2006) finds that 98 percent of U.S. farms remained family farms as of 2003. In a family farm, the entrepreneur controls the means of production and makes investment, consump-tion, and production decisions. We begin by modeling the intertemporal interactions of these decisions. The starting point is a model similar in spirit to Hansen and Singleton's (1983) but generalized to include consumption decisions and farm investments as well as financial investments and production decisions. Variable definitions are as follows where t denotes the time period:
W t = beginning-of-period total wealth, B t = current holding of bonds with a risk free rate of return r t , f i,t = current holding of the i th risky financial asset, i = 1,…,n F , , 1 i t δ + = dividend rate on the i th risky financial asset, As with all discrete time models, timing can be represented in multiple ways. In the model used here, all financial returns and farm asset gains are assumed to be realized at the end of each time period (where depreciation is represented by a negative asset gain). Variable inputs are assumed to be committed to farm production activities at the beginning of each decision period and the current period market prices for the variable inputs are known when these use decisions are made. Agricultural production is realized stochastically at the end of the period such that , 1 , , 1
(1 ), 1, ,
where ε i,t+1 is a random output shock with E(ε i,t+1 ) = 0. Consumption decisions are made at the beginning of the decision period and the current market prices of consumption good are known when these purchases are made. Utility is assumed to be strictly increasing and concave in q t .
The total beginning-of-period value of financial assets, and land are, respectively, , , , 1
where the total beginning-of-period quantity of land is t t A a = ι T , withι denoting an nvector of ones and, throughout, bolded notation represents the vector form of its unbolded and i-subscripted counterpart. For an arbitrary n-vector z, denote the n×n diagonal matrix whose typical diagonal element is z i by Δ(z).
III. Behavior and Constraints
We assume non-joint crop production with constant returns to scale so that the production function for the i th crop in per acre terms is , , , ( ), 1, , .
For each crop, the cost function per acre satisfies 
and total cost across all crops is additively separable (Hall 1973 , Muellbauer 1974 , Samuelson 1966 ( , , ) 
Wealth is allocated at the beginning of period t to assets, production costs, and consumption, satisfying , 
Thus, beginning-of-period wealth consists of holdings of bonds B t with numeraire price 6 Although x t has a t subscript, this is a typical simplification for problems without intra-seasonal states.
7 A futures market activity can also be added for each output. In this case, 
Realized end of period wealth is 
Thus, the decision maker's wealth is increased by the return on assets including interest, dividends, asset appreciation (less depreciation), and farm revenue.
The decision maker's intertemporal utility is assumed to follow 1 0 ( ,..., )
The producer is assumed to maximize Von Neumann-Morgenstern expected utility of the discounted present value of periodic utility flow from consumption.
IV. A Solution Approach
The problem is solved by stochastic dynamic programming, treating T as fixed and finite, and working backwards from the last period in the planning horizon to the first. In the last period of the planning horizon, the decision is simply to invest or produce nothing and consume all remaining wealth, T T m W = . Denote the last period's optimal value function by ( )
is the optimal utility for the terminal period. For other time periods, stochastic dynamic programming using (6)-(8) to optimize agricultural production, asset ownership and net investment decisions in each period yields the (Bellman) backward recursion problem for arbitrary t < T,
(1 ) 
The associated Lagrangean is 
We assume that bonds and consumption expenditures are positive and that the wealth constraint holds with equality. Hence, 0
Substituting the middle term for the Lagrange multiplier, t λ , the remainder of the KuhnTucker conditions for an optimal solution can be written as 
Equation (11) Assuming an interior solution and dividing (13) by p L,t yields ( )
is a vector of short-run per acre profits from crop production, defined as 
Equation (16) thus resembles other asset equations with dividends where the dividend for production is the per acre profit from land relative to land prices.
VI. Aggregation across Choices and Households
Data sets that contain all required farm financial and production data for implementation of the above model at the farm household level are lacking. 
where , , ,
Dividing this expression by F t , assuming F t > 0, obtains the financial arbitrage condition,
where , 1 Another important issue of aggregation occurs across consuming units. Our data is available at the state level and is thus an aggregation across micro units. Aggregation usually washes out some variation in data so that perceived variability at the micro-level is inconsistent with variation reflected in aggregate data. Although many of the variables may be subject to heterogeneity, the most serious heterogeneity likely occurs in wealth, the production disturbance, and cost.
We illustrate briefly the difficulty with heterogeneous production disturbances. Adding h subscripts to represent households and j subscripts to represent states, (16) can be expressed in the form 
This is not the condition imposed by a representative household approach with average state-level data, 
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None of the three terms on the last line need vanish in general. In particular, because
is a deviation in return realized at t + 1 and , , 1 h j t ς + depends on wealth at t + 1, which includes this realized return, these two terms are likely to be jointly determined.
Therefore, as in a typical setting with state-level panel data, we consider fixed state effects in the form
where the i α and j φ are parameters to be estimated, i = 1,…,n Y , j = 1,…,8, and n Y represents the number of moment equations. These parameters appear here with a minus sign so that positive estimates will correspond to overshooting of an arbitrage condition. Time effects can also be added, t = 1,…,T, but because of the relatively short time period used in our data set, time effects do not appear useful. As usual, an idiosyncratic disturbance with zero expectation is added later for econometric purposes.
VII. Identification of Utility in Arbitrage Conditions
To model a set of endogenous choices, a system of equations that determines all choice variables is preferred. This requires as many equations as decisions. However, any identified equation can be helpful to answer a particular question. For example, a single arbitrage condition such as (21) may serve to identify preference parameters. However, potential endogeneity issues must be addressed. We apply GMM with instruments to correct for endogeneity.
Compared to the Euler formulations of arbitrage conditions, however, conditions in the form of (16) and (18) 
where W t represents wealth, e i,t+1 is excess returns, β is the preference parameter to be estimated, Φ represents the arbitrage conditions associated with first-order condition, t Z represents a set of instruments in the information set that forms expectations at time t, and Y = (W t+1 ,e t+1 ,Z t ) represents all the data collectively. Iterated expectations rationalizes the use of a sample moment of the form 
where q is the single consumption good, R is one plus the rate of return on the asset including dividends, and β is the Arrow- ing GMM with this utility function would choose β large enough to make the moment condition identically zero at least numerically. However, the arbitrage conditions in (16) and (18) 
Presuming that 0
for the true β , the root of (25) is such that the term in parenthesis is not zero. 8 That is, no β ∈ exists such that the approximated marginal utility is zero for all values of wealth. One can easily expand this argument to higher order approximations. These data are not without issues but seem to be the best available source for net worth and are actively used by government personnel in the ERS for research. Alternative data (such as land value) would omit non-farm assets, which are a substantial portion of farm households' net worth (Mishra and Moorehart 2001) and are intended as a key source of identification for this study. Although the time-period is short and in some ways atypical due to the run up of the stock market in the 1990s, this variation is ideal for identifying the arbitrage effects on agriculture of returns to financial assets. This period also has the advantage that the impact of government policy on crop substitution is relatively reduced and less complicated. For example, the Freedom to Farm Act of 1996 culminated a growing effort to decouple farm subsidies from acreage allocation decisions.
VIII. Data and Estimation Strategy
For each state, net returns and acres allocated to corn, soybeans, and wheat are from 
IX. Econometric Specification
Thus, our estimated arbitrage conditions include (18) and land asset arbitrage equations as in (16) for the three crops. These arbitrage conditions are parameterized by the additional i α and j φ parameters as defined in (21) to account for use of aggregated state-level rather than micro-level data. These parameters allow testing for departures from full arbitrage, but also represent heterogeneity within states and crops as explained above. Because, the time period is short, a quadratic approximation of the utility function is believed to adequately capture the curvature of utility as wealth changes. However, estimation with a cubic approximation showed that the estimate of risk aversion was only altered by 2 percent.
Thus, we use the CARA approximation in (25).
Specifically, the four estimated equations are (27) simultaneously. Hence, we do not estimate fixed state effects in the heterogeneous preference model.
As in Lence (2000) , timing issues in the net worth data are problematic. 
where T is the number to observations, Φ is as specified in (25) with additional parameters included as specified in (21), (26), and (27) to account for use of aggregate data, g t is vector-valued with the four equations in (26), and ( , , ) = ∈ θ β α φ Θ where β represents the risk aversion parameter including parameters reflecting state-level variations of it, α represents the vector of wedges in arbitrage conditions in (26) associated with source of returns, and φ represents the vector of state fixed effects. Because, we have a fixed effects model, we invoke the usual regularity conditions with pooled asymptotics (as opposed to panel asymptotics, which concern whether time or the size of the cross-section grows larger or faster) , (e.g., Hall 2005 or Newey and McFadden 1994) . Thus, for simplicity of notation, we will use T to represent the number of observations across states and years.
The standard GMM estimator for our problem is { } arg max ( ) . However, we estimate S by HAC with a Barlett Kernel, ( )
where ˆ( ) k s is the sample autocovariance of the errors of the moment conditions in (28) (e.g., Newey and West 1987, Hall 2005, p. 127 ).
X. Empirical Results
We first estimate Model 1-the model in (26) using fixed effects as in (21) Using the first column to calculate average intercepts, they are .0860 for financial assets ,
.0215 for corn acreage, .0453 for soybean acreage, and .0039 for wheat acreage. The arbitrage condition with the largest mean deviation is for the stock market (financial assets) while wheat has the lowest. The same qualitative conclusion holds with Newey-West stan-dard errors.
These results are unsurprising given the period under consideration. However, for a few states and assets, the result differs substantially from the average. Often fixed effects can be usefully ignored by differencing. Due to the small sample size in this case, differencing by equation rather than temporally appears more desirable.
This has the advantage of eliminating possible misspecification due to the included state effects. Subtracting the excess return for financial assets from the three crops defines excess returns in terms of the difference of returns on crops compared to the stock market.
Given the unusual stock market period, we might expect negative intercepts. Table 2 are negative, indicating that the arbitrage condition on average undershoots zero. Taking the absolute value of the coefficients, the largest is wheat with soybeans slightly smaller than corn. Thus, the most significant negative departure from the arbitrage conditions is for wheat which has significantly lower risk-adjusted returns than the market portfolio. Durbin-Watson statistics are also considerably improved. 9 In summary, the estimates of the more parsimonious parametric structure in Table 2 seem commensurate with the results of fixed effects found in Table 1 .
Turning to the heterogeneous preference structure of Model 2, Table 2 as well.
Finally, we consider whether our estimates of risk aversion are credible in magnitude.
Estimates of .00000071-.00000085 in Table 1 represent a lower level of risk aversion than measured by many studies. However, the level of wealth in our model is different than in many studies. Saha, Shumway, and Talpaz (1994) in their wealth. This is lower than most estimates in other settings. However, we believe these results are more plausibe given the nature of agricultural risk and the self-selected choices of producers to enter agriculture. We suggest that an advantage of our arbitrage model is to avoid over-attribution of behavior to risk aversion, a proven weakness of some preceding approaches.
XII. Conclusions
This paper has considered asset choice for a rational, expected utility maximizing, and forward-looking producer/investor/consumer. After deriving the optimal conditions for choice by backward recursion, Euler equations for consumption and asset accumulation are derived. Of particular interest are the arbitrage conditions for a point in time involving ex-pected future returns on investment multiplied by the marginal utility of wealth. These conditions do not require the measurement of consumption but require reasonably good wealth measurements.
The model is estimated using state per-farm aggregates for net worth, and a decade of data from the 1990s for the North-Central region of U.S. crop production as well as market and bond returns. Because of the relatively short time series, CARA risk preferences are specified. The risk preference parameter is statistically different from zero and estimated to be positive indicating risk aversion. There is no evidence for segmented risk preferences where the risk preference parameter differs by asset. Further, the hypothesis of homogeneity of risk preferences against the hypothesis of state differences in risk preferences cannot be rejected. Thus, a single risk preference parameter rationalizes the data.
However, evidence suggests that the standard arbitrage equilibrium does not hold, either due to aggregation errors or the short anomalous time period. Fixed effects are added to the econometric model. These are statistically significant deviations from the standard model of arbitrage equilibrium and may prove useful in other settings.
Because of the annualized nature of agricultural crops, long time series comparable to off-farm financial returns are unlikely to be available for future research. However, a longer series of net worth or consumption at the disaggregated level or continuous-time production problems, such as with some types of livestock, may offer fruitful possibilities to continue and improve on this line of research. 
